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(57) ABSTRACT

A sensor which has high measuring sensitivity and 1s excel-
lent in response 1s provided by forming a porous film 1n a
sensitive section of a field-eflect transistor. It comprises a
porous body, which 1s formed on a sensitive section (here, a
gate msulating {ilm) of the field-eflect transistor and has
cylindrical pores which are formed almost perpendicularly

bstrate, and the field-efi

to a su ect transistor. It uses as a
porous film a porous film which 1s made of a semiconductor
material whose main component (except oxygen) 1s silicon,
germanium, or a composite of silicon and germanium, or a
porous film made of an isulation material whose main
component 1s silicon oxide, which has pores perpendicular
to the substrate.

9 Claims, 8 Drawing Sheets

105

|

A .

106

\\‘
\“
NN

ALANAL

-



US 7,329,387 B2
Page 2

5,111,221
5,140,393
5,201,681
5,359,214
5,301,015
5,393,401
5,422,302
5,458,755
5,460,348
5,726,464
5,874,047
0,027,796
0,130,748
0,309,945
0,448,155
0,468,003
0,468,923
0,602,620
6,613,676
0,838,297
6,936,854
0,949,793
6,972,146
7,074,480

2002/0034646

2003/0020060
2004/0033339
2004/0043208
2005/0053773

U.S. PATENT DOCUMENTS

i g g G g S S S e

5/1992
8/1992
4/1993
10/1994
11/1994
2/1995
6/1995
10/1995
11/1995
3/1998
2/1999
2/2000
10/2000
10/2001
9/2002
10/2002
10/2002
8/2003
9/2003
1/2005
8/2005
9/2005
12/2005
7/2006
3/2002
1/2003
2/2004
3/2004
3/2005

Fare et al. .................. 257/414
Hijikihigawa et al. ...... 257/252
Okunuki et al. .............. 445/24
Kurtz et al. ................ 257/287
Okunuki et al. ............ 313/309
Knoll ....ccoevvveenenn. 204/403.06
Yonehara et al. ............. 437/83
Fujiyama et al. ........... 204/224
Holm-Kennedy ........... 205/775
Kumomi et al. ............ 257/103
Schoning et al. ........ 422/82.02
Kondoh et al. .......... 428/312.8
Kruger et al. .............. 356/450
Satoetal. ..oovvevnee...n. 438/409
Iwasaki et al. ............. 438/464
Satoetal. .................. 428/446
Yonehara et al. ........... 438/761
Kikitsu et al. ........... 428/694 T
Yonehara et al. ........... 438/691
Iwasaki et al. ............... 438/20
Iwasaki et al. ............... 257/81
Choretal. ..ccocooeeae.e..o. 257/316
Denetal ...ccceenennnnl. 428/138
Fukutani et al. ......... 428/312.2
Canham ..................... 428/446
Iwasaki et al. ............... 257/13
Fukutani et al. ............ 428/137
Fukutani et al. ......... 428/304 .4
Fukutani et al. ............ 428/209

2005/0062033 Al 3/2005 Ichihara et al. ............... 257/17
2006/0043410 Al 3/2006 Iwasaki et al. ............. 257/103
2006/0060924 Al 3/2006 Ogawa et al. .............. 257/364

FOREIGN PATENT DOCUMENTS

JP 63090754 4/1988
JP 9-1570062 6/1997
JP 10-185864 7/1998
JP 2001-261376 9/2001
WO WO 03/069677 8/2003

OTHER PUBLICATTONS

C.D. Adams et al., “Transition from Lateral to Transverse Phase
Separation During Film Co-deposition,” Appl. Phys. Lett. 59 (20),
Nov. 11, 1991, American Institute of Physics, pp. 2535-2537.
C.D. Adams et al., “Phase Separation During Co-deposition of
Al-Ge Thin Films,” J, Mater. Res., vol. 7, No. 3, Mar. 1992,
Materials Research Society, pp. 653-667.

M. Atzmon et al., “Phase Separation During Film Growth,” J. Appl.
Phys. 42 (2), Jul. 15, 1992, American Institute of Physics, pp.
442-446.

M. Jacobs et al., “Unbalanced Magnetron Sputtered Si-Al Coatings:
Plasma Conditions and Film Properties Versus Sample Bias Volt-
age,” Surface and Coatings Technology 116-119 (1999) pp. 738-
741.

A. Huczko, “Template-Based Synthesis of Nanomaterials”, Mar. 8,
2000, p. 365-376, Applied Physics A Materials Science & Process-
Ing.

* cited by examiner



US 7,329,387 B2

Sheet 1 of 8

Feb. 12, 2008

U.S. Patent

FIG. 1

}106

8- XX

N\
7

V/é\
f/é\

N/

104

\

j.

103

102

101



US 7,329,387 B2

Sheet 2 of 8

Feb. 12, 2008

U.S. Patent

FIG. 2B

111

112

1

A V. VAR Y. . AN . -

ASOMONNNNNANNNNNN

UONNUN N NN NN NN NN

NN

DMAANN

AN NNNNNNNNNY

113



US 7,329,387 B2

of 8

Sheet 3

U.S. Patent

Feb. 12, 2008

o
O
L

144

L)
T

—

_—Y
&

.L..

NN
?

\\\\\\\\\\\\\\\N |

\\\\\\\\\\\\\\\\\\\\\\

142

141

153

192

151



US Patent Feb. 12. 2008 Sheet 4 of 8

FIG. 5

oz

.

173

- 174 172



US 7,329,387 B2

Sheet 5 of 8

FIG. 6A

U.S. Patent

Feb. 12, 2008

122

R R

121

FIG. 68

124

D
A
\ul..._\lj
NN\
ANNN

NN
NN\

AN\N N\
AN
NN\
NN NN
N NNN
NN
NNNN
AN\
AN\ N\
NN\
NN\
N\
NN\ N
NN\
NANN
NN\
NA\NN

NN\

/
/

7

\

\
“
“
\
.
\
“
.
.
m
.
7

FIG. 6C

125

}126

NN\N\Z
r//A“
r//A\
r//A\
r//&\
7/4\
?//4\
7/4“
NANY
7/4“

Y/
//4“

AN\
\

NN




US 7,329,387 B2

Sheet 6 of 8

U.S. Patent

Feb. 12, 2008

/D

Q
T

L)
QV
1

e ——

127

NN~
7/4“
o~/
7//1\
7/4\
7//4\
N
>
.r/ﬁ\
ﬂr//,.\
?//‘“
AN \

NN

~~//

FIG. 7E

125

127

ANNN
AN\

NN
NANN
NANN
S
NANN
NANN
NANN
NANN

NN

\
\

“
m
\
m

7

FIG. 7F

129

129

7

N\
NN\

NN\

128

7
“

7

%

.




US 7,329,387 B2

FIG. 8A

Feb. 12, 2008

133

U.S. Patent

O
P

1

S

U2,

o@@«.«\\\\\\V\»

AN

134

131

" l.__-‘.-_I.-_.l.lll.
.-..-_-.lI.!.-..-“.-I“-i-_--il.-.ll-l.-l.i.-..-_I. " Il.-.-.l“.l..-ll.l - ]

T L L L L L I P e N T I i Ll Rl B L N

I EE Y Rl R A e B T T T i B R B

-.-.1*1- L L I R BN I L N I B N

l'. Il.
J VY

.-_-.Il

--.1.-. ”..-_.- .._-__._.- ._....

_-.-..I Ili-_!_-

— AR ‘
l..l-‘__.-I- i

PEm i'illlli
- . L -l- a ¥
.-.-I.-. i.-.-.l.. - .-__-.
-l.-_ l-.._ ka" -.—-.-_.._......
2 n v ¥ ad @ LT
. ma” + s a® =
) ' . 4@
o - a e
st .l_-.-. S =
L | ] L ]
-.-I__. .l_-. -!lI. _Il.l
l-_...-___. T
l.-...l aw l.-_.-
L d
.._ti- -
St
m & a g
a u
g 1" ' 1
l“.l...!ll.-_
PR | kg L L I Bl T T T el IR L T L T T T I
dg » F oA L] L | e » g gt FE ' m & iil- a8 g &
R a " ., -h_..--._..-_tl_-_-.-_-_._l_..- ..l.“l.-.-___...__-_-.--i___-.-_.-_ ___.-”
[ ] n * L] [ & L] » -
“i.-_- -._l--_ “.- -.l-_-l-_-_-“.-.__-_l__“” l-_....-r .-.-____.__-l|-!.-_-l_.. "_- ___t“"n_..ll-..__.._ .__-_-.ll_.._.l_-.-__._l
| | | |

- l' . T --_.. .-.l L ...l-.-_.-.l.-.-l-.l .-.-.".l“- l-.-_.'.-..--ll.-l.-. " I..-_" l' )

lt.r-.__.-

v "ow

-.-.-.-.-

L
“.i.--" ]
L ]

-_—
-_
n L™ s -5 " u " - » il | - -
....-..r-.l.._ i.l.-_.-i._..-_-l“ t-.l.-_.-_.-_l _...-i.” l-.-..-_.._-i-.-_.-..-_i
- . _-..l-... -t .-_--.-_ L] l_.-..-.- - a? . L _I_-.l.-_l-_-..-.i_l r
- o -.-_.—I- "ag .__-.._..__..--lt-
.-.-.__l- .-.-_l- Y ‘.I- .__._.i.-.i_.-_ll -i I.ri.l.-_.ll.- i.l.
at, PRI - I L Tl PR N L
.0, m t.. l_.....__-._ * . Pt A, e ST e e, ATy T, ‘
l_.-_ii_ll llll -
o _ & LI
.-_-_ ] - m W g =
- ll__..-_l I.Illl.
L Y wowi
LA TR | =t
.I.-_-.__. - _-l.ll_ !
A, 0 .-..-_4__.
P -
a
] .'
st n
nd
'.. n l“‘ .
llli -_l_‘ l_.-.‘
- ™ L] -
7
-._._ g ._-._____-
- " - ma g"
ll”-.__.-_ " ..Il“.-
LI -
*aa i -._.r.___-. r
n i g g ]
- = - - - ] -m m N -k - - - 0 - .
Sne TR A TP EAR TR
n _u g m " n LI Y A W _mNy I = _a
e vt .._.“ - o -._‘.-_-.-..._._-_.__.l” -_|__ . --l.._.__.-._ _..._-......_-____n______..__” .__“ .4.;.._-
n L] ak a [ L)
e, - -_-___l.._.__-_-lu_ _-_.-_..._._._..__.-.._I.-_...______l.-.-_." l_-_-___._-__-___.-_._.-_l_-__-_
gt llil.lil.-_ e B L .-_'ll.-_lr.-_ I.Il_l_lil.-.i.l_l-.
-.-_.l.._.-_ -_.-.ll.-.-l.-_ ll.-_.-..l.__.- -.I.—.nll_.-_.-_.-_l -.l.-.-_.l ‘- lI.i__-..-..-._-..-.
- oaT_ - "o e T T i T B L
" g [ ] [ L] LI ] [ [ ] L I
" oag L - " s famrgmy T e e Ll T R
- I_iI..-..-..-. .._.-..-_ ] i.-_.-_ .._.l._l.-_.l-.-..l " omgtm ii' _._-.-_.-_.-_.-.
1 . RN B LI L R L T L R
-.l L I ] - .-._-.- i.-_l LI W T = k L} -.fl_ L LI a T b

...... -o@“//_

...... _—

132

ttttt
L]

a, wm n" a ll_.-_.ll - . ., n atp I.ll
- T ™ Tl L LN
-_-.______.-_._.-.__n-;_l.-l.._- - W
F - * -k W E_mg " iy
P L I r LR A S g T
[ S a . a4
i ka - oA
- ¥ amEmg +* &
e gy o Mot R T e
.l_'il.-.l.-_ l-.l- .-.-l.-iI .I.-.Il .
LI bl I P R B R b a
e e N T Ml ™
M L L L L S
CASL ALY .._nl-_-.-__r iy "o
B dy L EATE  ae E
LR I L R e "
l-.-.ll_-.-. ilill_lll.illn -t -i.l -.-..ll.
LI Ll o P el A i
L - - ) L Rl T |
-- .-_i-li..__-_.-_rill._fill- L] ._-_-..-_-._-_
LK ] - ' . l.-_.ll.l l.l.-.ll
l_...-_...._l._-_-__- -

L
- n
.-_ll.-_
LI F
g " Ay
sa"y
B - ]
» B¥ g
‘i l.i
L J .-l”_ -
.-..-.li"l- ¥ .Ii.-..l *
L} - ]
¥ * - I.-.-_
. .‘l b w Fga 0
- e T
Ll N
Ve e
[
R
1 g L
- at e
..__-l_-
]
& &
L P i ]
l_li.-.-_.-. " .-_l.-.‘-I.-_ii.l -, a
w - | a ] L] L
- i“..-.-i.-_.-_ l.!.-_.-.-..ll.lltl..- .-.l.l.-_l.l.-.-_.-.-.i.llii.-_i!i..l ll.i.l.l
L l-.l lI..-_ ] I.-._-.i.I.i ¥, PR Y a"
1I...-_-.-__-..__..1.-_.__.-_u.l TS LR _-_-rl_r-.. o 2" T an
K EE R A et D T PO
= e, TR -i_._i-._- l—.l..t.-.._._‘ .-t.._.-_-..-_ ey
f.-_ill_ .-..-.ll.-_.ll!.rll.-_ il_-l.._- l.l.-_-.-



U.S. Patent Feb. 12, 2008 Sheet 8 of 8 US 7,329,387 B2

’ 7 %
r‘l.‘_ :." ,' 'i-' :‘; i‘|'- . .
at . ;'i.:l"' -':.“ l.l‘::l-‘ - . Yo
20 Wh iF i) A ) R it
N 17
S DS

ﬁb aﬁ 3ﬂjﬁrﬁ? @@ ﬁ? ﬁ“ﬂr @é @E i& ﬂb Wﬁ
25565 5282626281000 sloste .@.@1&@1@ ﬁ@.@

[ ”//// 70770277

f& _ I
ﬂ'ﬂ!!




US 7,329,387 B2

1

FIELD-EFFECT TRANSISTOR, SENSOR
USING I'T, AND PRODUCTION METHOD
THEREOFK

TECHNICAL FIELD

The present mvention relates to a field-effect transistor
using a porous f1lm which has pores with a cylindrical shape
vertical to a substrate on a sensitive section (gate mnsulating
film etc.) of the field-eflect transistor, and a sensor using it,
and 1n particular, relates to a sensor, which transduces a
chemical or physical change 1nto an electric change, such as
a gas sensor detecting a gas (gas molecules etc.), a biosensor
detecting a biomaterial such as protein, or a pH sensor
detecting pH 1n a solution.

BACKGROUND ART

Up to now, sensors using a field-eflect transistor have
been known widely (Japanese Patent Application Laid-Open
No. S56-76043). Among them, plenty of attempts to
enhance measuring sensitivity to a detection object material
by forming a nano structure on a sensitive section of a
ficld-eflect transistor have been done. For example, a sensor
1s disclosed, the sensor in which a nano structure (a structure
constituted by a plurality of material particles (clusters)) was
formed 1n a sensitive section of a field-efect transistor, so as
to raise the mechanical fixation of biogenic substances (a
cell, a receptor, gamma-globulin, etc.) to a sensor sensitive
section, and further, to enhance a signal transmission char-
acteristic and measuring sensitivity (Japanese Patent Appli-
cation Laid-Open No. HI10-185864). Specifically, this 1s
structured so that an active contact surface of the sensor may
mostly coincide with a contour shape of the outside of each
biogenic substance.

DISCLOSURE OF THE INVENTION

Nevertheless, 1n a conventional method, as shown 1n FIG.
9, since the structure 1n a nano meter level 1s formed by
material particles (clusters) being implanted into the sensi-
tive section of the sensor, it 1s very hard to control the shape
of the structure so as to mostly coincide with the contour
shape of the outside of the biogenic substance. In addition,
although 1t 1s shown that it 1s possible to produce a porous
layer, 1t 1s very hard to control the diameter of 1ts pores, 1ts
pore density, etc., and 1t 1s very diflicult to make biomol-
ecules carried into the pores in high density. Furthermore,
depending on a formation method, there 1s a possibility of
making a defect and the like arise 1n the sensor sensitive
sections (gate insulating film etc.) and reducing the measur-
ing sensitivity. In FIG. 9, reference numeral 9 denotes a
field-eflect transistor, reference numeral 12 denotes a silicon
oxide layer, reference numeral 15 denotes a contact surface
coating, reference numeral 16 denotes a cluster, reference
numeral 17 denotes a gap, reference numeral 18 denotes an
immune receptor, reference numeral 19 denotes a holding
area, reference numeral 20 denotes a tip end, and reference
numeral 24 denotes an active contact surface.

"

Then, the present mvention provides a field-eflect tran-
sistor, and a sensor using it, the field-eflect transistor which
has high measuring sensitivity and 1s excelled 1n response by
forming a porous film 1n the sensitive section of the field-
ellect transistor, the porous film which has cylindrical pores
which are perpendicular to a substrate, and have high pore
density and 20 nm or less of pore diameter.
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2

Furthermore, the present invention provides a production
method for simply producing the above-mentioned sensor,
using the field-effect transistor, in low cost.

In order to solve the above-mentioned problems, the
present invention, a first imnvention of this application 1s a
sensor which reads electrically a physical or chemical
change of a sensitive section by gas molecules, biomol-
ecules, or the like with a field-eflect transistor, and 1s
characterized in having a porous film which has cylindrical
pores, which are perpendicular to a substrate, in the sensitive
section of the field-eftect transistor. In addition, the sensor of
the present invention i1s characterized in that a material
which constitutes the porous film 1s made of a semiconduc-
tor material or an insulation material.

In particular, when the maternial which constitutes the
porous f1lm 1s the semiconductor material, 1t 1s desirable that
it 1s a material using silicon, germanium, or a composite of
silicon and germanium as a main component. Furthermore,
it 1s more preferable that the semiconductor material 1s 1n
crystallinity than 1n an amorphous state.

In addition, 1n particular, when the material which con-
stitutes the porous film 1s the insulation material, 1t 1s
desirable that it 1s a silicon oxide.

Furthermore, as for the pores in the porous film, it 1s
preferable that an average pore size 1s 20 nm or less, and
mean density is 1.5x10"'! pores/cm* or larger. Thereby, since
surface areas of the pores 1n the porous film become remark-
ably large, bonding sites of the detection material increase
and measuring sensitivity increases remarkably. In particu-
lar, since the detection material can adhere to the entire pore
surfaces of the pores in the porous film when being small
molecules such as gas molecules like a gas, 1t 1s possible to
remarkably increase the sensitivity.

In addition, the sensor of the present invention 1s char-
acterized 1n making the sensitive section of the field-eflect
transistor cause an electric potential change by a selective
reaction between a detected material adhering to the porous
film surface, and the detection material when the detection
material 1s biological material. Thereby, since the detection
material stably binds together in the porous film, stable
measurement becomes possible. Moreover, since biomol-
ecules can be held more stably than the usual by introducing
them 1nside the pores, 1t 1s possible to hold them operably for
a long time.

Furthermore, a second invention of this application 1s a
production method of a sensor characterized 1n having a step
of preparing on a sensitive section of a field-eflect transistor
a structure that a pillar-shaped material constituted with
including a first component disperses 1n a member consti-
tuted with including a second component which 1s a semi-
conductor material which can form a eutectic with the first
component, a step of removing the pillar-shaped material to
form a porous film, and a step of annealing the porous film
which has pillar-shaped holes obtained by the removing
step.

Moreover, 1n the second invention, 1t 1s desirable that the
pillar-shaped material 1s aluminum and the member 1s sili-
con, germanium, or silicon germanium.

Since 1t 1s possible to form pores only at the film forming
step and removal step when the porous film to which
detection object materials such as gas molecules and bio-
molecules are made to adhere 1s formed by such a method,
it 15 not necessary to use semiconductor processes such as
photolithography for pore formation, and hence, 1t 15 pos-
sible to produce the sensor in low cost.

With explaining the process of arriving at accomplishing
the present invention, the present inventor and et al. obtained
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the following knowledge when having carried our mvesti-
gation, regarding a microstructure using aluminum, forward.

Namely, we found out that there was the case that
aluminum with pillar-shaped structure was formed 1n sili-
con, germanium, or a complex of silicon and germanium 1n
self-formation under predetermined conditions when adding
semiconductor materials such as silicon and germanium at
the time of forming an aluminum film on a substrate by a
deposition method, which forms a material 1n a non-equi-
librium state, such as a sputtering method. In addition, 1t
turned out that a porous film, made of a semiconductor
material (oxygen may be included) with pore diameter and
pore density, which are hard to be formed by conventional
methods, could be formed by dipping a film, on which
aluminum with the pillar-shaped structure was formed, 1n
the solution which dissolved aluminum preferentially to
s1licon, germanium, or a complex of silicon and germanium.
Furthermore, the porous film formed here 1s an amorphous
material. Moreover, when the porous film made of the
semiconductor material in an amorphous state was crystal-
lized by thermal annealing, this porous film became to show
a semiconductor characteristic showing p-type conduction.
In addition, 1t turned out that, when detection object mate-
rials such as gas molecules were made to adhere to a surface
of the porous film, the electric conductivity (for example,
clectronic conduction state) of the porous film changes
largely. Furthermore, when the porous film was formed on
the sensitive section of the field-effect transistor, the detec-
tion object material was detectable 1n further high sensitiv-
ty.

Then, the present inventors advanced the investigation

wholeheartedly on the basis of the above-mentioned knowl-
edge, and became to accomplish the present invention.

In addition, in the porous film which 1s formed by
removing the pillar-shaped material from the structure that
the pillar-shaped material constituted with including the first
component 1n this way dispersed 1n the member constituted
with 1ncluding the second component which was the semi-
conductor material which can form a eutectic with the first
component, it 1s possible to form a porous film made of a
semiconductor material which has pore diameter and pore
density which are hard to attain by prior art. Therefore, since
a surface area to which a detection object material 1s made
to adhere becomes remarkably large, 1t becomes possible to
raise the sensitivity of the sensor. Furthermore, since pores
have a pillar-like shape almost perpendicular to a film
surface and the pore diameter 1s almost constant to the film
surface, adhesion and detachment of the detection object
material becomes quick, and hence, 1t becomes possible to
raise the response of the sensor.

According to the present invention, 1t 1s possible to
provide a sensor, which has higher structural stability, higher
sensitivity, and further a higher reaction rate than conven-
tional sensors, by making a porous film, which 1s formed by
removing a pillar-shaped material from a structure where a
pillar-shaped material constituted with including a first
component disperses 1n a member constituted with including
a second component which can form a eutectic with the first
component, an adhesion section to which chemical species
such as biomolecules and gas molecules are made to adhere,
and forming the porous film on a sensitive section of a
ficld-efiect transistor.

In addition, the present invention can provide a produc-
tion method which can simply produce the above-mentioned
sensor 1n low cost.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram showing an example of a
sensor of the present 1invention;

FIGS. 2A and 2B are schematic diagrams showing an
example of a porous body used 1n the sensor of the present
invention;

FIG. 3 1s a schematic diagram showing an example of a
sensor of the present ivention;

FIG. 4 1s a schematic diagram showing an example of a
sensor of the present ivention;

FIG. 5 1s a schematic diagram showing an example of a
sensor of the present invention;

FIGS. 6A, 6B and 6C are explanatory diagrams showing
an example of a production method of the sensor of the
present 1nvention;

FIGS. 7D, 7E and 7F are explanatory diagrams showing
an example of a production method of the sensor of the
present 1nvention;

FIGS. 8A and 8B are schematic diagrams showing an
example of a production method of a porous film used 1n the
sensor of the present invention; and

FIG. 9 1s an example of a conventional sensor.

BEST MODE FOR CARRYING OUT TH.
INVENTION

L1

Hereatter, best modes of the present mvention will be
described with referring to drawings.

Structure of Sensor

FIG. 1 1s a schematic diagram showing an example of a
sensor of the present invention. This example shows an
example 1 which a porous film 1s formed on a gate
insulating film which 1s a sensitive section of a field-eflect
transistor, the porous film which has pores which are per-
pendicular to a substrate and are formed m high density
(1.5%x10 pores/cm” or more) in the size of several nm to tens
of nm.

In FIG. 1, reference numeral 101 denotes a semiconductor
substrate, 102 denotes a source region, 103 denotes a drain
region, 104 denotes a gate isulating film which 1s a sensi-
tive section, 105 denotes a pore, and 106 denotes a porous
film. A sensor of the present invention mainly comprises a
porous body 106, which 1s formed on a sensitive section
(here, a gate insulating film) of a field-effect transistor and
has the cylindrical pores 105 which are formed almost
perpendicularly to a substrate, and the field-ellect transistor.

FIGS. 2A and 2B show an example of the porous film
used in the sensor of the present invention. FIG. 2A 1s a
schematic diagram 1n view of a film surface, and FIG. 2B
shows a schematic diagram of a cross section taken 1n 2B-2B
of the porous body 1in FIG. 2A. Reference numeral 111
denotes a pore, 112 denotes a member constituting the
porous film, and 113 denotes the sensitive section (here, the
gate msulating film) of the field-eflect transistor.

The sensor of the present mvention 1s characterized in
using as a porous film a porous film, which has pores
perpendicular to a substrate, and 1s made of a semiconductor
material whose main component (except oxygen) 1s silicon,
germanium, or a composite of silicon and germanium, or a
porous film made of an isulation material whose main
component 1s a silicon oxide. In addition, the pores 111 are
separated from each other by the member 112 which com-
prises the porous film as shown in FIGS. 2A and 2B, and
formed perpendicularly or almost perpendicularly to the
substrate.
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In addition, the pores in the porous film which constitutes
the sensor of the present invention have a cylindrical shape
as shown in FIG. 2B. Furthermore, the average pore size
(this shows the average diameter of the pores in view of the
f1lm surface) of pores 1s not less than 1 nm and not more than
50 nm, and desirably, not less than 1 nm and not more than
20 nm. Moreover, the mean density of pores 1s at least
1.5x10  pores/cm”. The pore diameter shown here denotes
27 1n FIG. 2B, and a gap between pores denotes 2R 1n FIG.
2B.

Moreover, when the porous film which constitutes the
sensor of the present mnvention 1s made of a semiconductor
material, 1t 1s mainly composed of oxygen (because the pore
surface 1s oxidized) and silicon, germanmium, or a composite
of silicon and germanium, and, 1n regard to its composition,
it 1s desirable that aluminum 1s 1ncluded at not less than 0.1
atomic % and not more than 30 atomic % to all the elements
except oxygen, and silicon, germanium, or the composite of
silicon and germanium 1s at not less than 70 atomic % and
not more than 99.9 atomic %.

In addition, when the porous film which constitutes the
sensor of the present invention made of an isulation mate-
rial, 1t 1s mainly composed of a silicon oxide, and 1n regard
to 1ts composition, 1t 1s desirable that aluminum is included
at not less than 0.1 atomic % and not more than 30 atomic
% to all the elements except oxygen, and silicon 1s at not less
than 70 atomic % and not more than 99.9 atomic %.

Furthermore, although 1t 1s desirable that a main compo-
nent of a structural material of the porous film which
constitutes the sensor of the present mvention 1s silicon,
germanium, or the composite of silicon and germanium
except oxygen, 1t may contain various kinds of elements
such as argon (Ar), nitrogen (IN), and hydrogen (H).

In addition, since a surface of the porous film 1s oxidized
typically, oxygen 1s included when the composition analysis
of the porous film 1s performed even when the structural
material ol a porous body 1s a semiconductor material.

Furthermore, although it 1s preferable that the field-effect
transistor which constitutes the sensor of the present inven-
tion 1s a field-eflect transistor using a single crystal silicon
substrate, or a thin film type field-eflect transistor using
polycrystalline silicon, amorphous silicon, or an organic
semiconductor on an 1nsulating substrate such as glass, it 1s
also satisfactory that 1t 1s a field-eflect transistor using any
material, such as a compound semiconductor, so long as the
sensitivity of the sensor 1s not affected. In addition, typically,
it 1s desirable that the field-eflect transistor comprises a
source region 102, a drain region 103, and a gate insulating
film 104 as shown in FIG. 1.

Moreover, although the gate insulating film 104 which
constitutes the sensor of the present mmvention 1s silicon
oxide typically, it 1s possible to use various insulating
materials such as a hatnium oxide, a silicon nitride, and an
aluminum oxide. In addition, 1t 1s satisfactory to use any
kind of insulating film as the material which constitutes the
gate msulating film so long as there i1s no trouble 1n the
operation of the sensor.

Furthermore, although the sensitive section of the field-
cllect transistor of the present mvention denotes the gate
insulating film fundamentally, 1t may also include an alu-
minum oxide, a silicon nitride, etc. formed on the gate
isulating film (typically, a silicon oxide). Furthermore, an
clectrode formed on the gate imnsulating film such as a silicon
oxide may be included as the sensitive section of the
ficld-efiect transistor of the present invention.

Moreover, the sensor which has the porous film with such
structure changes an electric charge state of the porous film
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145 by the adhesion of gas molecules 144 (gas species, etc.)
such as NO,, ammonia, moisture molecules, oxygen, and
cthanol to the pore surface as shown 1n FIG. 3. A change of
an electrical parameter caused thereby 1s read by the field-
cllect transistor, and thereby, 1t 1s possible to determine the
presence and density of gas molecules. In addition, since the
porous {1lm used by the present invention has a remarkably
large area which gas molecules adsorbs, a change of the
clectric charge state i1s large, and hence, 1t 1s possible to
perform measurement in higher sensitivity. In FIG. 3, the
reference numeral 141 denotes a substrate, the reference
numeral 142 denotes a sensitive section (a gate insulating
film), and the reference numeral 143 denotes a second
component.

Furthermore, as shown in FIG. 4, mside the pores in the
porous film 156, 1t 1s possible to attach a detected material
154 selectively bonded with the detection material 155. In
addition, 1t 1s possible to modily the surfaces of the pores
with a chemical so that only specific detection material may
adhere selectively on the pore surfaces 1n the porous film.

The sensor having the porous film 156 with such structure
can fix only the biomolecules, which are the detection
material 155, 1n the pores by introducing the biomolecules,
which are the detected material 154 bonded with specific
biomolecules, mside the pores as shown 1n FIG. 4. Since this
fixation also changes the electric charge state of the porous
f1lm, 1t 1s possible to measure the specific presence and an
amount of biomolecules by reading an electric change of the
ficld-eflect transistor caused by this. In addition, since the
biomolecules which are the detected material introduced in
the pores are limited on contact with the detected material
which 1s not related to measurement, 1t 1s possible to be
stably kept for a long time.

In addition, when the biomolecules which are the detected
material 154 are introduced in the pores as shown 1n FIG. 4,
the detected maternal larger than the size of the pores cannot
enter ito the pores, and hence, 1t 1s possible to reduce the
decrease of the measuring sensitivity due to the influence of
impurity. Furthermore, by optimizing the material quality,
pore diameter, and pore density of the porous film which
adheres the chemical species such as gas molecules, and
biomolecules, it 1s possible to increase the sensitivity
remarkably. In FIG. 4, the reference numeral 151 denotes a
substrate, the reference numeral 152 denotes a sensitive
section (a gate insulating film), and the reference numeral
153 denotes a second component.

Furthermore, although the example using the field-effect
transistor produced in the substrate was shown in the
example of FIG. 1, there 1s no problem 1n particular even 1f
thin film type field-eflect transistor structure, which 1s
formed on a supporting substrate (not shown) as shown 1n
FI1G. 5, 1s used. In FIG. 5, reference numeral 171 denotes a
porous film, 172 denotes a gate insulating film, 173 denotes
a gate electrode, 174 denotes a source electrode, and 175
denotes a drain electrode.

Production Method of Sensor

Hereafter, a production method of the sensor by the
present invention will be explained 1n detail. FIGS. 6 A, 6B,
6C, 7D, 7E and 7F are explanatory diagrams showing an
example of the production method of the sensor of the
present mvention respectively. It will be explained sequen-
tially 1n order of 6 A to 7F of the Figures. In addition, FIGS.
8A and 8B show an example of the production method of a
porous film used 1n the sensor of the present invention. The
teature of this production method 1s in FIGS. 6B, 6C, and 7D

which are a part of forming the porous film to the sensitive
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section on the field-effect transistor, and it 1s possible to
apply a normal production method of a field-eflect transistor
to other steps. In addition, although a schematic example of
the production method of a field-efiect transistor which uses
a single crystal substrate 1s shown here, it 1s not limited to
this.

Step 1 FIG. 6A: A gate insulating film (a sensitive
section) 122 1s formed. The silicon oxide (the gate insulating
film) 122 1s formed on a single crystal silicon substrate 121
by using a thermal oxidation method. As a formation method
of a gate msulating film, any insulating film forming method
such as not only a thermal oxidation method but also a
plasma CVD method may be applied.

Step 1n FIG. 6B; Next, a structure (mixed film 123) that
a pillar-shaped matenal constituted with including a first
component 124 disperses 1n a member constituted with
including a second component which 1s a semiconductor
material which can form a eutectic with the first component
1s prepared on the gate msulating film 122.

For example, aluminum and silicon (or, germanium or
silicon germanium) which form pillar-shaped structure (the
first component) 1n a matrix (the second component) are
prepared, and a structure (an aluminum silicon mixing film,
an aluminum germanium mixing film, or aluminum silicon
germanium mixing film) 1s formed on the substrate by a
method, which can form a material 1n a non-equilibrium
state, such as a sputtering method.

When the aluminum silicon mixing {ilm, aluminum ger-
manium mixing film, or aluminum silicon germanium mix-
ing film 1s formed by such a method, aluminum and silicon
(or, germanium or silicon germamum) become a micro
phase separation film 1n a metastable state as shown 1n FIG.
8A, and aluminum forms nano structures (pillar-shaped
structures) 1n several nm level 1n a silicon (or germanium or
silicon germanium) matrix to separate self-organizingly.
Aluminum at that time 1s nearly cylindrical, and 1ts hole size
1s not less than 1 nm and not more than 50 nm, and
preferably, not less than 1 nm and not more than 20 nm.
Moreover, the mean density is at least 1.5x10"" pores/cm”.

In addition, i the mixed film of aluminum and silicon (or,
germanium or silicon germanium), an amount of silicon (or,
germanium or silicon germanium) in the film formed 1s 20
to 70 atomic % to a whole amount of aluminum and silicon
(or, germanium or silicon germanium), preferably 25 to 65
atomic %, and more preferably 30 to 60 atomic %. Depend-
ing also on film formation conditions, when the amount of
silicon (or, germanium or silicon germanium) 1s within this
range, 1t 1s possible to obtain the aluminum silicon mixing,
film (or an aluminum germanium mixing {ilm or aluminum
silicon germamum mixing film) where aluminum with the
pillar-shaped structure disperses 1n a silicon (or, germanium
or silicon germanium) domain.

Atomic % which shows the above-mentioned ratio of
aluminum to silicon (or, germanium or silicon germanium)
shows a ratio between numbers of atoms of silicon (or,
germanium or silicon germanium) and aluminum, it 1s also
described as atom % or at %, and, for example, it 1s a value
when the quantitative analysis of amounts of silicon (or,
germanium or silicon germanium) and aluminum in the
aluminum silicon mixing {ilm (or, the aluminum germanium
mixing {ilm or aluminum silicon germanium mixing {ilm) 1s
performed with inductively coupled plasma emission spec-
trometry (an ICP method).

Step 1 FIG. 6C: Next, the pillar-shaped material 1s
removed. For example, aluminum which 1s the pillar-shaped
material i the above-mentioned aluminum silicon mixing,
film (or the aluminum germanmum mixing film or aluminum
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silicon germanium mixing film) 1s etched with a concen-
trated sultfuric acid, and pores 125 are formed inside the
matrix (here, silicon, germanium, or silicon germanium).
Thereby, a porous film 126 1s obtained, and a porous body
as shown 1n FI1G. 8B 1s formed. In addition, as for the pores
in the above-mentioned porous body, pore diameter 1s not
less than 1 nm and not more than 50 nm, and preferably not
less than 1 nm and not more then 20 nm, and mean density
is at least 1.5x10'! pores/cm®.

What 1s preferable as a solution used for the etching 1s, for
example, a concentrated sulturic acid which dissolves alu-
minum, hardly dissolves silicon (or germanium), and cannot
oxidize silicon easily. Or, when there 1s no inconvenience in
the pore formation by etching, 1t 1s possible to use acids such
as a phosphoric acid, a sulturic acid, a hydrochloric acid, and
a chromic acid solution, and alkalis such as a sodium
hydroxide, and 1t 1s limited to neither the type of acids, nor
the type of alkalis in particular. In addition, 1t 1s satisfactory
to use what some types of acid solutions or some types of
alkal1 solutions are mixed. Furthermore, 1t 1s possible to
suitably set etching conditions such as solution temperature,
concentration, and time according to the porous film to be
produced.

Step 1 FIG. 7D: Next, a single crystal silicon substrate
having the porous film 126 which has pillar-shaped holes
125 obtained at the removing step 1s annealed. Thermal
annealing 1s suflicient as the annealing here, and laser
annealing 1s also suflicient. By performing thermal anneal-
ing in an oxygen environment, the porous film 126 1is
oxidized and becomes an insulating material (a porous film
127). In addition, a porous film 127 made of a semiconduc-
tor material having electrical conductivity 1s formed by
performing the thermal annealing and further laser annealing
in a reducing atmosphere such as 1n a hydrogen atmosphere.

Step 1 FIG. 7E: Next, the porous film and silicon oxide
In an unnecessary portion are removed by photolithography,
and dry etching or wet etching.

Step 1 FIG. 7F: Next, a source region 128 and a drain
region 129 are formed by using photolithography and an 10on
implanter.

The sensor which has the porous body film 1s formed 1n
the sensitive section of the field-effect transistor as shown in
FIG. 1 through such a process.

In addition, here, in order to adhere only a specific
detection object material to the pore surfaces 1n the porous
f1lm, 1t 1s also possible to itroduce in the pores the detected
material selectively bonded with the detection object mate-
rial as shown 1n FIG. 4.

EXAMPLE 1

This example shows the case that a sensor having a porous
f1lm, having pores which 1s perpendicular to a substrate and
has a cylindrical shape, on a sensitive section (a gate
insulating film) of a field-eflect transistor 1s used as a gas
sensor. Here, although the case that a main component
except oxygen 1s silicon as a material which constitutes the
porous film 1s shown, 1t 1s possible to adapt almost similar
sensor structure, production method, and eflects also 1n the
case that a main component except oxygen 1s germanium or
a composite of silicon and germanium.

First, as shown 1n FIG. 6A, a 50-nm-thick silicon oxide
film (a gate oxide film) 1s formed on a p-type single crystal
silicon substrate by the thermal oxidation method. Next, an
about 200-nm-thick aluminum silicon mixing film including
50 atomic % of aluminum to the whole amount of aluminum
and silicon was formed on the silicon oxide, which 1s a gate
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insulating film, by using the magnetron sputtering method as
shown 1 FIG. 6B. A circular aluminum silicon-mixing
target with the diameter of 4 inches (101.6 mm) was used as
a target. What aluminum powder and silicon powder were
sintered at a ratio of 50 atomic %: 50 atomic % was used as
the aluminum silicon mixing target. Sputter conditions were
set at an Ar flow rate of 30 sccm, discharge pressure of 0.15
Pa, and supplied power of 100 W by using RF power. In
addition, substrate temperature was set at 100° C.

In addition, the aluminum silicon mixing film was
observed with an FE-SEM (field emission scanning electron
microscope). In regard to a shape of a surface observed from
an obliquely upper direction of the substrate, as shown 1n
FIG. 8A, the circular aluminum pillar-shaped structures
(first component (aluminum) 133) surrounded by the silicon
domain (second component 132) were arranged two-dimen-
sionally. In FIG. 8A, reference numerical 131 denotes a
substrate, reference numerical 134 denotes a mixed film.
The average pore diameter of an aluminum pillar-shaped
structure portion was 4 nm. In addition, when a cross section
was observed with the FE-SEM, each aluminum pillar-
shaped structure was mutually independent.

Pores 125 were formed by dipping the aluminum silicon
mixing film produced 1n this way 1n a 98% of concentrated
sulfuric acid solution for 24 hours as shown 1n FIG. 6C to
selectively etch only the aluminum pillar-shaped structure
portions. As a result, the porous film 126 which was com-
posed of a member whose main component except oxygen
was silicon was produced. In addition, silicon on the surface
of the porous film was oxidized.

Next, the aluminum silicon mixing film (porous {ilm
which was composed of the member whose main component
except oxygen was silicon) having etched with the 98% of
concentrated sulfuric acid was observed with the FE-SEM.
In regard to a shape of a surface observed from an obliquely
upper direction of the substrate, as shown 1n FIG. 8B, the
pores 1335 surrounded by the silicon member were arranged
two-dimensionally. The hole size of the pores was 4 nm. In
addition, the produced porous film 136 was in an amorphous
state.

Next, the single crystal silicon substrate on which the
porous film produced in this way was formed was annealed
at 800° C. 1n a hydrogen atmosphere. As a result, silicon 1n
the porous film was crystalized and a porous film 127 which
1s composed of p-type polycrystalline silicon was formed on
a silicon oxide (FIG. 7D). Next, the porous film and silicon
oxide 1n unnecessary portions are removed by photolithog-
raphy, and dry etching or wet etching (FIG. 7E). Further-
more, a source region 128 and a drain region 129 are formed
by using photolithography and 1on implanter (FIG. 7F). The
sensor (gas sensor) which has the porous film composed of
polycrystalline silicon as shown in FIG. 7F 1s formed
through such processes.

In addition, when an NO, amount, an ammonia amount,
and a water molecular amount (humidity) were changed 1n
the sensor in which the porous film produced 1n this way was
formed on a sensitive section of a field-eflect transistor, the
conductance of a channel 1 the field-effect transistor
changed, and the presence and amount of gas molecules
were able to be measured.

According to the gas sensor formed in this way, since the
pore diameter is 4 nm and pore density is also 1.5x10"
pores/cm® or more, it becomes possible to increase a surface
area ol the porous film remarkably, and hence, to increase
measuring sensitivity remarkably. In addition, since it
becomes possible to perform quick adhesion and detachment
ol gas molecules (gas) to/from pore surfaces because pores
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are almost perpendicular to the substrate and the pore
diameter 1s almost constant, it becomes possible to produce
the sensor which 1s excellent in the response.

EXAMPLE 2

This example shows the case that a sensor having a porous
film, having pores which are perpendicular to the substrate
and has cylindrical shapes, on a sensitive section (a gate
msulating film) of a field-effect transistor 1s used as a
biosensor. Here, the case that a main component which
constitutes the porous film 1s a silicon oxide will be shown.

First, as shown 1n FIG. 6A, a 50-nm-thick silicon oxide
film (a gate oxide film) 1s formed on a p-type single crystal
silicon substrate by the thermal oxidation method. Next, an
about 100-nm-thick aluminum silicon mixing film imncluding
60 atomic % of aluminum to the whole amount of aluminum
and silicon was formed on a gate insulating film, which was
a sensitive section, by using the magnetron sputtering
method. A circular aluminum silicon-mixing target with the
diameter of 4 inches (101.6 mm) was used as a target. What
aluminum powder and silicon powder were sintered at a
ratio of 60 atomic %: 40 atomic % was used as the aluminum
silicon mixing target. Sputter conditions were set at an Ar
flow rate of 30 sccm, discharge pressure of 0.15 Pa, and
supplied power of 100 W by using RF power. In addition,
substrate temperature was set at 100° C.

In addition, the aluminum silicon mixing film was
observed with the FE-SEM. In regard to a shape of a surface
observed from an obliquely upper direction of the substrate,
as shown i FIG. 8A, the circular aluminum pillar-shaped
structures surrounded by the silicon domain were arranged
two-dimensionally. The average pore diameter of an alumi-
num pillar-shaped structure portion was 10 nm, and 1ts mean
density was 1.5x10'! pores/cm” or more. In addition, when
a cross section was observed with the FE-SEM, each alu-
minum pillar-shaped structure was mutually independent.

Pores were formed by dipping the aluminum silicon
mixing film produced 1n this way 1 a 98% of concentrated
sulfuric acid solution for 24 hours to selectively etch only
the aluminum pillar-shaped structure portions. As a result,
the porous body which was composed of a member whose
main component except oxygen was silicon was produced.
In addition, silicon on the surface of the porous body was
oxidized.

Next, the aluminum silicon mixing film (a porous body
which was composed of the member whose main component
except oxygen was silicon) having etched with the 98% of
concentrated sulfuric acid was observed with the FE-SEM.
In regard to a shape of a surface observed from an obliquely
upper direction of the substrate, as shown 1n FIG. 8B, the
pores surrounded by the silicon member were arranged
two-dimensionally. The average pore diameter of pores was
10 nm, and mean density was 1.5x10"" pores/cm” or more.

Next, the porous film produced 1n this way was annealed
at 500° C. 1n an oxygen atmosphere. As a result, silicon 1n
the porous film was oxidized and a porous film which 1s
composed of a silicon oxide was formed on a silicon oxide
(FIG. 7D). Next, the porous film and silicon oxide 1n an
unnecessary portion are removed by photolithography, and
dry etching or wet etching (FIG. 7E). Furthermore, a source
region 128 and a drain region 129 are formed by using
photolithography and 1on implanter (FIG. 7F). The sensor in
which the porous film which 1s composed of a silicon oxide
1s formed on the gate insulating film (a silicon oxide) as
shown 1n FIG. 7F 1s formed through such processes.
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In addition, the sensor used 1n this example 1s used under
the environment where 1t 1s dipped 1n an aqueous solution.
Accordingly, 1n order to perform 1nsulation between the gate
section and source region of the field-effect transistor for
sensors, and between the gate section and drain region, 1t 1s
preferable to form an 1nsulating film and a passivation film
on them (not shown).

Next, the detected material bonded with specific chemical
substances 1s mtroduced in the pores in the porous film.
Here, the case where biotin 1s used as the detected material
will be simply explained. First, the porous film 1s processed
by a silane-coupling agent. Next, a biotin 1s bonded inside
the porous film by using biotin long arm. As a result, the
sensor as shown 1n FIG. 4 1s completed. In addition, when
an amount ol avidin, which 1s a biomaterial, 1n the sensor
produced 1n this way was changed, its presence and a change
of 1ts amount could be read by the field-eflect transistor.

According to the biosensor formed 1n this way, since it has
the pore density of 1.5x10"'! pores/cm” or more, it is possible
to arrange the detected material (here, biotin) 1n high density.
As a result, it becomes possible to increase the measuring,
sensitivity remarkably. In addition, since 1t becomes possible
to perform quick adhesion and detachment of chemical
species, which are the detection material, because pores are
almost perpendicular to the substrate and the pore diameter
1s almost constant, 1t becomes possible to produce the sensor
which 1s excellent in the response. In addition, since the
detected matenal 1s arranged 1nside the pores, 1t 1s possible
to decrease measurement errors by the bonding of the
detected material with other impunity larger than the pores.

In addition, 1n this example, although examples of avidin
and biotin were shown as selective reactions of biomaterials,
it 1s not limited to this but various selective reactions such
as alternative reactions of streptavidin, biotin, and the like
can be used.

EXAMPLE 3

This example shows the case that a sensor having a porous
f1lm, having pores which are perpendicular to a substrate and
have cylindrical shapes, on a sensitive section (a gate
insulating film) of a field-eflect transistor 1s used as a pH
sensor measuring pH of an acid and alkali solutions. Here,
although the case that a material which constitutes the
porous film 1s silicon except oxygen 1s shown, it 1s possible
to adapt almost similar sensor structure, production method,
and eflects also 1n the case of germanium or a composite of
silicon and germanium.

First, as shown in FIG. 6 A, a 50-nm-thick silicon oxide
film (a gate oxide film) 1s formed on a p-type single crystal
s1licon substrate by the thermal oxidation method. Next, on
the silicon oxide film, an about 200-nm-thick aluminum
silicon mixing film including 350 atomic % of aluminum to
the whole amount of aluminum and silicon was formed on
the silicon oxide, which 1s a gate insulating film, by using the
magnetron sputtering method as shown in FIG. 6B. A
circular aluminum silicon-mixing target with the diameter of
4 inches (101.6 mm) was used as a target. What aluminum
powder and silicon powder were sintered at a ratio of 50
atomic %: 50 atomic % was used as the aluminum silicon
mixing target. Sputter conditions were set at an Ar flow rate
of 30 sccm, discharge pressure of 0.15 Pa, and supplied
power of 100 W by using RF power. In addition, substrate
temperature was set at 100° C.

In addition, the aluminum silicon mixing film was
observed with an FE-SEM. In regard to a shape of a surface
observed from an obliquely upper direction of the substrate,
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as shown i FIG. 8A, the circular aluminum pillar-shaped
structures surrounded by the silicon domain were arranged
two-dimensionally. The average pore diameter of an alumi-
num pillar-shaped structure portion was 4 nm, and its mean
density was 1.5x10'! pores/cm” or more. In addition, when
a cross section was observed with the FE-SEM, each alu-
minum pillar-shaped structure was mutually independent.

Pores were formed by dipping the aluminum silicon
mixing film produced 1n this way 1n a 98% of concentrated
sulfuric acid solution for 24 hours as shown 1 FIG. 6C to
selectively etch only the aluminum pillar-shaped structure
portions. As a result, the porous film which was composed
of a member whose main component except oxygen was
silicon was produced. In addition, silicon on the surface of
the porous film was oxidized.

Next, the aluminum silicon mixing film (porous film
which was composed of the member whose main component
except oxygen was silicon) having etched with the 98% of
concentrated sulfuric acid was observed with the FE-SEM.
In regard to a shape of a surface observed from an obliquely
upper direction of the substrate, as shown 1n FIG. 8B, the
pores surrounded by the silicon member were arranged
two-dimensionally. The pore diameter of pores was 4 nm,
and mean pore density was 1.5x10'" pores/cm® or more.

Next, the porous film produced in this way was annealed
at 800° C. 1n a hydrogen atmosphere. As a result, silicon 1n
the porous film was crystalized and a porous film which 1s
composed of p-type polycrystalline silicon was formed on a
silicon oxide (FIG. 7D). Next, the porous film and silicon
oxide 1n unnecessary portions are removed by photolithog-
raphy, and dry etching or wet etching (FIG. 7E). Further-
more, a source region and a drain region are formed by using
photolithography and 10n implanter (FIG. 7F). The sensor
(pH sensor) which has the porous body film composed of
polycrystalline silicon as shown i FIG. 7F 1s formed
through such processes.

Next, the pore surfaces in the porous film were modified
with triamino propylethoxysilane (3-APTES). As a result,
the sensor as shown in FIG. 7F was completed.

In addition, when the sensor produced in this way was
dipped 1n the solution whose pH was changed, it was
possible to read the change by the field-eflect transistor.

According to the pH sensor formed 1n this way, since the
pore diameter 1s 4 nm and mean pore density 1s also
1.5x10 pores/cm” or more, it becomes possible to increase
a specilic surface area of the porous film remarkably, and
hence, to increase the sensitivity remarkably. In addition,
since 1t becomes possible to perform quick adhesion and
detachment of chemical species because pores are almost
perpendicular to the substrate and the pore diameter i1s
almost constant, 1t becomes possible to produce the sensor
which 1s excellent 1n the response.

This application claims priority from Japanese Patent
Application No. 2003-291523 filed Aug. 11, 2003, which 1s
hereby incorporated by reference herein.

The mnvention claimed 1s:

1. A field effect transistor comprising;

a substrate including a source region and a drain region;
an insulating layer arranged on the substrate; and

a porous body which has pillar-shaped pores arranged on
the insulating layer, wherein said body has a mean pore
density of 1.5x10"" pores/cm® or more.

2. The field-eflect transistor according to claim 1, char-
acterized 1n that the porous body 1s composed of an 1nsu-
lating material or a semiconductor materal.
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3. The field-eflect transistor according to claim 2, char-
acterized 1n that the porous body includes a semiconductor
material having silicon, germanium, or silicon and germa-
nium as a main component.

4. The field-eflect transistor according to claim 2, char-
acterized in that the insulating material 1s a material which
uses silicon oxide as a main component.

5. The field-eflect transistor according to claim 1, char-
acterized 1n that average pore diameter of the pillar-shaped
pores 1s 20 nm or less.

6. The field-eflect transistor according to claim 1, having
on surfaces of the pillar-shaped pores a detection material
for detecting a specific said detected material.
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7. The field-eflect transistor according to claim 6, char-
acterized in that the detection material 1s a biomaterial.

8. The field-eflect transistor according to claim 5, char-
acterized 1n that an electric charge state of the porous body
changes when the detected matenial contacts the porous

body.

9. The field-efect transistor according to claim 1, char-
acterized 1n that average pore diameter of the pillar-shaped

1o pores 1s S0 nm or less.
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INVENTOR(S) . Kazuhiko Fukutani et al.

It is certified that error appears in the above-identified patent and that said Letters Patent Is
hereby corrected as shown below:

COLUMN 2:

Line 32, “like a gas,” should be deleted;
Line 48, “constituted with” should be deleted; and
Line 50, “with including” should be deleted.

COLUMN 3:

Line 22, “became’ should read --came--;

Line 34, “became’ should read --came--;

Line 37, “with including” should be deleted:;
Line 39, “with including” should be deleted:;
Line 57, “with including” should be deleted; and
Line 58, “with including” should be deleted.

COLUMN 4.

Line 29, “with” should be deleted.

COLUMN 5:

Line 22, “made” should read --1s made--.

COLUMN 6:

Line 8, “which gas’ should read --which adsorbs gas--; and “molecules
adsorbs,” should read --molecules,--.

COLUMN 7:

Line 15, “with including” should read --of--;

Line 16, “with” should read --of--;

Line 17, “including” should be deleted:;

Line 21, “pillar-shaped™ should read --a pillar-shaped--; and
Line 56, “aluminum, it 18 should read --aluminum. It 1s--.
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Line 8, “more then” should read --more than--;

Line 19, “what™ should be deleted;
Line 20, “solutions” should read --solutions that--; and
Line 53, “which 18 should read --which are--.

COLUMN 9:

Line 4, “what aluminum” should read --The aluminum--; and “were” should
read --that were--.

Line 17, “numerical” should read --numeral--; and

Line 18, “numerical” should read --numeral--.

COLUMN 10:

Line 21, “What” should read --The--; and
Line 22, “were” should read --that were--.

COLUMN 11:

Line 43, “solutions.” should read --solution.--;
Line 58, “What” should read --The--; and
Line 59, “were’” should read --that were--.

Signed and Sealed this

Thartieth Day of September, 2008

hguo-

JON W. DUDAS
Director of the United States Patent and Trademark Office




	Front Page
	Drawings
	Specification
	Claims
	Corrections/Annotated Pages

